Almost half a century ago the technique of nuclear transplantation (NT) was pioneered in amphibians (Gurdon 1999; Di Berardino et al. 2003) . These experiments demonstrated that nuclei of somatic cells are totipotent but that the ability to generate live animals decreases with the developmental age of the donor nucleus. The generation of Dolly from an adult mammary gland cell demonstrated that at least some cells within an adult organism retain totipotency and are able to direct development of a new animal (Wilmut et al. 1997) . After Dolly, additional mammalian species were successfully cloned from somatic cells, albeit with a low efficiency, as in most cases only 0.5-10% of reconstructed oocytes develop into apparently healthy adults .
In disease, abnormal modifications to chromatin can contribute to the malignant transformation of cells. For example, epigenetic changes can promote cell proliferation, inhibit apoptosis, and induce angiogenesis during tumorigenesis by activating oncogenes and silencing tumor suppressor gene (Jones and Baylin 2002; Felsher 2003) . Thus, we have to understand the epigenetic states that distinguish the genome of embryonic cells from that of different somatic cells and transformed cells (see Fig.  1 ). To alter the phenotype of cells in a rational way we first need to define the molecular parameters that distinguish these different cell types. Nuclear cloning represents an unbiased tool to begin unraveling these mechanisms as it provides a functional readout of the epigenetic changes induced by the egg cytoplasm. In this paper, we will summarize recent work from our laboratory that focuses on the relation between the state of differentiation and the efficiency of epigenetic reprogramming by nuclear transfer. This is relevant for the possible therapeutic applications of the nuclear transfer technology. Moreover, we will discuss the potential use of nuclear transfer for studying the genome of cancer cells. This review is largely based upon summaries of our work in a review commissioned by the President's Council on Bioethics and in the Proceedings of a recent Novartis conference ).
EPIGENETIC REPROGRAMMING IN NORMAL DEVELOPMENT AND AFTER NUCLEAR TRANSFER
The majority of cloned mammals derived by nuclear transfer (NT) die during gestation, display neonatal phenotypes resembling "Large Offspring Syndrome" (Young et al. 1998) , often with respiratory and metabolic abnormalities, and have enlarged and dysfunctional placentas . In order for a donor nucleus to support development into a clone, it must be reprogrammed to a state compatible with embryonic development. The transferred nucleus must properly activate genes important for early embryonic development and also suppress differentiation-associated genes that had been transcribed in the original donor cell. Inadequate "reprogramming" of the donor nucleus is thought to be the principal reason for developmental failure of clones. Since few clones survive to birth, the question remains whether survivors are Figure 1 . Importance of epigenetic changes during cellular differentiation, transformation, and nuclear cloning. Epigenetic alterations are essential during normal development when embryonic cells give rise to all differentiated cell types of the body. Epigenetic changes may also be involved in the "transdifferentiation" of one differentiated cell type into another differentiated cell type. In addition, epigenetics plays an important role in the malignant transformation of cells by activating oncogenes and silencing tumor suppressor genes. Conversely, nuclear transfer can globally reprogram the epigenetic state of a differentiated cell into that of an embryonic (stem) cell. normal or merely the least severely affected animals, making it to adulthood despite harboring subtle abnormalities originating from faulty reprogramming .
Evidence obtained over the last few years has given insights into molecular changes that are abnormal in cloned as compared to normal animals. Table 1 summarizes some of the epigenetic differences that distinguish cloned from normal animals as result of faulty reprogramming. For the following discussion it is useful to compare the different stages of development following nuclear transplantation. The stages of development that are depicted in Table 1 and that will be discussed in sequence are (i) gametogenesis, (ii) cleavage, (iii) postimplantation, and (iv) postnatal development.
(i) The most important epigenetic reprogramming in normal development occurs during gametogenesis, a process that renders both sperm and oocyte genomes "epigenetically competent" for subsequent fertilization and for faithful activation of the genes that are crucial for early development (Latham 1999; Rideout et al. 2001) . In cloning, this process is shortcut and most problems affecting the "normalcy" of cloned animals may be due to the inadequate reprogramming of the somatic nucleus following transplantation into the egg. Since the placenta is derived from the trophectoderm lineage that constitutes the first differentiated cell type of the embryo, one might speculate that reprogramming and differentiation into this early lineage are compromised in most cloned animals. Indeed, results obtained in our laboratory and by others indicate that the fraction of abnormally expressed genes in cloned newborns is substantially higher in the placenta as compared to somatic tissues (Humpherys et al. 2002; Fulka et al. 2004) . In contrast to epigenetic reprogramming that occurs prezygotically, it appears that postzygotic reprogramming such as X-chromosome inactivation and telomere length adjustment Tian et al. 2000; Wakayama et al. 2000; Betts et al. 2001 ) are faithfully accomplished after nuclear transfer and, therefore, would not be expected to impair survival of cloned animals.
(ii) During cleavage, a wave of genome-wide demethylation removes the epigenetic modification present in the zygote so that the DNA of the blastocyst is largely devoid of methylation. Between implantation and gastrulation, a wave of global de novo methylation reestablishes the overall methylation pattern, which is then maintained throughout life in the somatic cells of the animal Jaenisch 1997; Reik et al. 2001) . In cloned embryos abnormal methylation at repetitive sequences ) and frequent failure to reactivate Fgf4, Fgf2r, and IL6 (Daniels et al. 2000) have been observed. To investigate gene expression, the activity of "pluripotency genes," such as Oct4, that are silent in somatic cells but active in embryonic cells was examined in cloned embryos. Strikingly, the reactivation of Oct-4 (Boiani et al. 2002; Bortvin et al. 2003) and of "Oct-4-like" (Bortvin et al. 2003 ) genes was shown to be faulty and random in somatic clones. Because embryos lacking Oct-4 arrest early in development (Nichols et al. 1998) , incomplete reactivation of Oct-4-like genes in clones might be a cause of the frequent failure of the great majority of NT embryos to survive the postimplantation period. Also, a number of studies have detected abnormal DNA methylation in cloned embryos Kang et al. 2002; Santos et al. 2002; Mann et al. 2003 ). Though it is still an unresolved question to what extent the epigenetic modification of chromatin structure and DNA methylation, which occurs in normal development, needs to be mimicked for nuclear cloning to succeed, the available evidence is entirely consistent with faulty epigenetic reprogramming causing the abnormal gene expression in cloned animals.
(iii) The most extensive analysis of gene expression has been performed in newborn cloned mice. Expression profiling showed that 4-5% of the genome and between 30% and 50% of imprinted genes are abnormally expressed in placentas of newborn cloned mice (Humpherys et al. 2002) . This argues that mammalian development is surprisingly tolerant to widespread gene dysregulation and that compensatory mechanisms assure survival of some clones to birth. However, the results suggest that even sur- satory mechanisms do not guarantee "normalcy" of cloned animals. Rather, the phenotypes of surviving cloned animals may be distributed over a wide spectrum from abnormalities causing sudden demise at later postnatal age or more subtle abnormalities allowing survival to advanced age (Fig. 2) . These considerations illustrate the complexity of defining subtle gene expression defects and emphasize the need for more sophisticated test criteria such as environmental stress or behavior tests.
Is It Possible to Overcome the Problems Inherent in
Reproductive Cloning?
It is often argued that the "technical" problems in producing normal cloned mammals will be solved by scientific progress that will be made in the foreseeable future. The following considerations argue that this may not be so.
A principal biological barrier that prevents clones from being normal is the "epigenetic" difference between the chromosomes inherited from mother and from father (i.e., the difference between the "maternal" and the "paternal" genome of an individual). DNA methylation is an example of such an epigenetic modification that is known to be responsible for shutting down the expression of nearby genes. Parent-specific methylation marks are responsible for the expression of "imprinted genes" and cause only one copy of an imprinted gene, derived either from sperm or egg, to be active while the other allele is inactive (Ferguson-Smith and Surani 2001) . When sperm and oocyte genomes are combined at fertilization, the parent-specific marks established during oogenesis and spermatogenesis persist in the genome of the zygote (Fig. 3A) . Of interest for this discussion is that within hours after fertilization, most of the global methylation marks (with the exception of those on imprinted genes) are stripped from the sperm genome whereas the genome of the oocyte is resistant to this active demethylation process Oswald et al. 2000) . This is because the oocyte genome is in a different "oocyte-appropriate" epigenetic state than the viving clones may have subtle defects that, though not severe enough to jeopardize immediate survival, will cause an abnormal phenotype at a later age.
(iv) The generation of adult and seemingly healthy adult cloned animals has been taken as evidence that nuclear transfer can generate normal cloned animals, albeit with low efficiency. Indeed, a routine physical and clinical laboratory examination of 24 cloned cows of 1-4 years of age failed to reveal major abnormalities . Cloned mice of a corresponding age as that of the cloned cows (2-6 mon in mice vs. 1-4 years in cows) also appear "normal" by superficial inspection. However, when cloned mice were aged, serious problems, not apparent at younger ages, became manifest. One study found that the great majority of cloned mice died significantly earlier than normal mice, succumbing with immune deficiency and serious pathological alterations in multiple organs . Another study found that aged cloned mice became overweight with major metabolic disturbances (Tamashiro et al. 2002) . Thus, serious abnormalities in cloned animals may often become manifest only when the animals age. This raises the question: Is it possible to produce truly "normal" clones?
"Normal" Clones: Do They Exist?
A key question in the public debate over cloning is whether it would ever be possible to produce a normal individual by nuclear cloning. The available evidence suggests that it may be difficult if not impossible to produce normal clones for the following reasons. (1) As summarized above, all analyzed clones at birth showed dysregulation of hundreds of genes. The development of clones to birth and beyond despite widespread epigenetic abnormalities suggests that mammalian development can tolerate dysregulation of many genes. (2) Some clones survive to adulthood by compensating for gene dysregulation. Though this "compensation" assures survival, it may not prevent maladies from becoming manifest at later ages. Therefore, most, if not all, clones are expected to have at least subtle abnormalities that may not be severe enough to result in an obvious phenotype at birth but will cause serious problems later, as seen in aged mice. Different clones may just differ in the extent of abnormal gene expression: If the key "Oct-4-like" genes are not activated , clones die immediately after implantation. If those genes are activated, the clone may survive to birth and beyond.
As schematically shown in Figure 2 , the two stages when the majority of clones fail are immediately after implantation and at birth. These are two critical stages of development that may be particularly vulnerable to faulty gene expression. Once cloned newborns have progressed through the critical perinatal period, various compensatory mechanisms may counterbalance abnormal expression of other genes that are not essential for the subsequent postnatal survival. However, the stochastic occurrence of disease and other defects at later age in many or most adult clones implies that such compen- sperm genome. The oocyte genome becomes only partially demethylated within the next few days by a passive demethylation process. The result of these postfertilization changes is that the two parental genomes are epigenetically different (as defined by the patterns of DNA methylation) in the later-stage embryo and remain so in the adult in imprinted as well as nonimprinted sequences.
In cloning, the epigenetic differences established during gametogenesis may be erased because both parental genomes of the somatic donor cell are introduced into the egg from the outside and are thus exposed equally to the demethylation activity present in the egg cytoplasm (Fig.  3B ). This predicts that imprinted genes should be particularly vulnerable to inappropriate methylation and associated dysregulation in cloned animals. The results summarized earlier are consistent with this prediction. For cloning to be made safe, the two parental genomes of a somatic donor cell would need to be physically separated and separately treated in an "oocyte-appropriate" and a "sperm-appropriate" way, respectively. At present, it seems that this is the only rational approach to guarantee the creation of the epigenetic differences that are normally established during gametogenesis. Such an approach is beyond our present abilities. These considerations imply that serious biological barriers exist that interfere with faithful reprogramming after nuclear transfer. It is a safe conclusion that these biological barriers represent a major stumbling block to efforts aimed at making nuclear cloning a safe reproductive procedure for the foreseeable future .
DERIVATION OF CLONED ANIMALS FROM TERMINALLY DIFFERENTIATED CELLS
A question already raised in the seminal cloning experiments with amphibians was whether terminal differentiation would diminish the potency of a nucleus to direct development after transfer into the oocyte (Di Berardino 1980; Gurdon 1999) . The recent isolation of rare adult stem cells from somatic tissues and reports of their developmental plasticity raise an important question: Do viable clones predominantly or exclusively result from adult stem cells randomly selected from the donor cell population (Hochedlinger and Jaenisch 2002b )? These cells might be similar to embryonic stem (ES) cells that require less reprogramming and support postimplantation development with high efficiency. In order to better define the influence of the donor nucleus on the development of cloned animals, we have compared cells of different developmental stages for their potency to serve as nuclear donors. Table 2 summarizes the potential of blastocysts derived from normal zygotes with that derived from ES cell and somatic donor cell nuclei after transfer into oocytes. The results show that ES NT embryos develop to term at a 10-20-fold higher efficiency than embryos from cumulus or fibroblast donor cells. The main conclusion that can be drawn from the observations summarized in Table 2 is that the nucleus of an undifferentiated embryonic cell is more amenable to, or requires less reprogramming than, the nucleus of a differentiated somatic cell. The epigenetic (or pluripotent) state of the genome in an ES cell may more closely resemble that of the early embryo, which enables ES cells to serve as more effective nuclear donors. This notion was directly tested by analyzing the expression of genes active in the different donor cells with the expression pattern seen in cloned blastocysts derived from the respective donor cells (see above; Bortvin et al. 2003) .
Assuming that the epigenetic state of somatic stem cells resembles that of embryonic stem cells it appears possible that most surviving clones could be derived from nuclei of rare somatic stem cells present in the heterogeneous donor cell population rather than from nuclei of differentiated somatic cells as has been assumed (Liu 2001; Hochedlinger and Jaenisch 2002b; Oback and Wells 2002) . Because in previous experiments no unambiguous marker had been used that would retrospectively identify the donor nucleus, this possibility could not be excluded.
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JAENISCH ET AL. The genomes of oocyte and sperm are differentially methylated during gametogenesis and are different in the zygote when combined at fertilization. Immediately after fertilization the paternal genome (derived from the sperm) is actively demethylated whereas the maternal genome is only partially demethylated during the next few days of cleavage. This is because the oocyte genome is in a different chromatin configuration and is resistant to the active demethylation process imposed on the sperm genome by the egg cytoplasm. Thus, the methylation of two parental genomes is different at the end of cleavage and in the adult. Methylated sequences are depicted as filled lollipops and unmethylated sequences as empty lollipops. (B) In cloning a somatic nucleus is transferred into the enucleated egg and both parental genomes are exposed to the active demethylating activity of the egg cytoplasm. Therefore, the parent specific epigenetic differences are equalized. Thus, it had not been resolved whether the genome of a truly terminally differentiated cell could be reprogrammed to an embryonic state. To address this issue, we used nuclei from mature B and T cells and from terminally differentiated neurons as donors to generate cloned mice.
Monoclonal Mice from Mature Immune Cells
The monoclonal mice were generated from nuclei of peripheral lymphocytes where the genetic rearrangements of the immunoglobulin and TCR genes could be used as stable markers revealing the identity and differentiation state of the donor nucleus of a given clone. Because previous attempts to generate monoclonal mice had been unsuccessful (Wakayama and Yanagimachi 2001) , we used a two-step cloning procedure by producing, first, embryonic stem (ES) cells from cloned blastocysts and, in a second step, monoclonal mice by tetraploid-embryo complementation (Fig. 4) (Nagy et al. 1993; Eggan et al. 2001) . Animals generated from a B or T cell donor nucleus were viable and carried fully rearranged immunoglobulin or T cell receptor genes in all tissues (Hochedlinger and Jaenisch 2002a) . As expected, the immune cells of the monoclonal mice expressed only those alleles of the Ig and TCR locus that had been productively rearranged in the respective donor cells used for nuclear transfer and the rearrangements of other Ig or TCR genes was inhibited.
Our results allow two main conclusions. (i) They constitute the first unequivocal demonstration that nuclei from terminally differentiated donor cells can be reprogrammed to pluripotency by nuclear cloning. The frequency of directly deriving cloned embryos from mature B and T cells (instead of the two-step procedure used in our experiments), while difficult to estimate, is likely significantly lower than that of deriving clones from fibroblasts or cumulus cells (possibly less than 1 in 2000 operated embryos; Table 2 ). This is consistent with the notion that genomic reprogramming of a terminally differentiated cell may be extremely inefficient. (ii) Nuclear cloning allows the detection of even subtle genetic alterations within a single cell. This is of potential medical interest, as the cloning of somatic cells taken from a patient suffering of a complex disease, such as Parkinson's or diabetes, would generate ES cells that are isogenic to the patient. In vitro differentiation of these ES cells into dopaminergic neurons or beta cells, respectively, may provide an experimental in vitro system to study a complex human disease for which no animal model is available.
Cloned Mice from Mature Olfactory Neurons
Nuclei from postmitotic cells that have irreversibly exited the cell cycle as part of their program of differentiation have not been demonstrated to retain the capacity to direct embryogenesis in mammalian cloning experiments. These considerations have led to the suggestion that postmitotic cells might be refractory to epigenetic reprogramming or alternatively might have acquired changes in the DNA that could limit their developmental potential (Rehen et al. 2001) . Consistent with this notion are previous experiments that failed to generate live mice from neurons (Yamazaki et al. 2001) . This lead to the suggestion that the DNA of postmitotic neurons might undergo rearrangements to generate neural diversity and that these changes in DNA sequence may prevent these nuclei from reentering the cell cycle and directing embryogenesis (Vassar et al. 1993; Zhang and Firestein 2002) . One particularly clear example of neuronal diversity is provided by the olfactory sensory epithelium. In the mouse, each of the two million cells in the olfactory epithelium expresses only 1 of ~1500 odorant receptor (OR) genes such that the functional identity of a neuron is defined by the nature of the receptor it expresses. The pattern of receptor expression is apparently random within one of four zones in the epithelium suggesting that the choice of receptor gene may be stochastic. One mechanism to permit the stochastic choice of a single receptor could involve DNA rearrangements (Chun and Schatz 1999) .
We have generated fertile adult mouse clones by transferring the nuclei of postmitotic olfactory neurons into enucleated oocytes . In a similar approach as used for the generation of the monoclonal mice (see Fig. 4 ), in a first step ES cells were derived from the cloned blastocyst and cloned mice were derived subsequently by tetraploid complementation. As summarized in Table 2 , the efficiency of deriving cloned ES cells from olfactory neurons was in the same range as that for nuclei from immune cells. These observations indicate that a postmitotic neuronal nucleus can reenter the cell cycle and can be reprogrammed to pluripotency. A more recent study confirmed these results (Li et al. 2004) .
The generation of mice cloned from a mature olfactory neuron allowed investigating whether OR choice involves irreversible DNA rearrangements. Mice were cloned from an olfactory neuron that expressed one allele of the P2 gene (which is one of the 1500 OR genes in the repertoire). The appropriate neurons for nuclear transfer were picked under the fluorescent microscope because the donor mice carried a green fluorescent protein (GFP) marker inserted into the P2 gene rendering the P2 neurons fluorescent. If OR choice involved DNA rearrangements, the prediction would be, in analogy to the monoclonal mice described above, that a mouse cloned from a P2-expressing neuron would express this receptor in all olfactory neurons and the repertoire of receptor expression might be altered (Fig. 5) . Alternatively, if OR choice involved a reversible epigenetic mechanism the cloned animals should have an identical P2 expression pattern to the donor mouse and a normal repertoire of receptor expression. An exhaustive analysis of OR expression showed that the OR repertoire in the cloned mice was indistinguishable from that of wt mice. In addition, the DNA of mice derived from sensory neurons revealed no evidence for rearrangements of the expressed P2 olfactory receptor gene. These results indicate that the mechanism of OR choice is fully reversible and does not involve genetic alterations as seen in the maturation of B and T cells.
TOTIPOTENCY OF NEURONAL NUCLEI
The two-step cloning procedure used to produce mice from neuronal nuclei generates mice in which the neuronal-derived ES cells give rise to all embryonic tissues while cells from the tetraploid host blastocyst contribute the embryonic trophectoderm . Thus, cloning of lymphocytes or neurons via an ES cell intermediate did not reveal totipotency of a nucleus from a terminally differentiated cell (Rossant 2002) . To demonstrate totipotency of mature olfactory sensory neuron (OSN) nuclei, we transplanted nuclei from the cloned ES cells into enucleated oocytes to generate recloned mice ). The cloned pups had enlarged placentas but displayed no overt anatomic or behavioral abnormalities and survived to fertile adults, consistent with previous cloning experiments ). These observations demonstrate that nuclei of terminally differentiated olfactory neurons can be reprogrammed to totipotency directing development of both embryonic and extraembryonic lineages.
REPROGRAMMING OF CANCER NUCLEI BY NUCLEAR TRANSPLANTATION
The cloning of mice from terminally differentiated lymphocytes and postmitotic neurons has demonstated that nuclear transfer provides a tool to selectively reprogram the epigenetic state of a cellular genome without altering its genetic constitution (Hochedlinger and Jaenisch 2002a; Eggan et al. 2004 ). Thus, nuclear transfer allows one to globally analyze the impact of epigenetics on the malignant state of a cancer cell. Historic experiments in frogs have demonstrated that kidney carcinoma nuclei can be reprogrammed to support early development to the tadpole stage (McKinnell et al. 1969) . A similar result was recently obtained in mice, where nuclei from a medulloblastoma cell line were able to direct early development, albeit with low efficiency, resulting in arrested embryos (Li et al. 2003) . However, these experiments did not unequivocally demonstrate that the clones were derived from cancer cells as opposed to contaminating nontransformed cells (Carlson et al. 1994) . Moreover, the experimental setup did not allow the distinction between abnormalities caused by the nuclear transfer procedure versus abnormalities caused by the donor nucleus.
We have used nuclear transfer as a functional assay to determine whether the genomes of different cancer cells can be reprogrammed by the oocyte environment into a pluripotent embryonic state. Following nuclear transfer of different tumor cells, clones were allowed to develop to blastocysts and then explanted in tissue culture to derive ES cells. The resulting ES cells (hereafter denoted as NT ES cells) were then analyzed to confirm the tumor cell origin and tested in multiple assays for their developmental and tumorigenic potential. This modified cloning procedure (i) circumvents abnormalities associated with nuclear transfer (Hochedlinger and Jaenisch 2003) and (ii) permits a detailed analysis of the developmental (Hochedlinger and Jaenisch 2002a; Rideout et al. 2002; Eggan et al. 2004 ) and tumorigenic potential of the reprogrammed nucleus.
We have shown that the nuclei of leukemia, lymphoma, breast cancer, and melanoma cells were able to support preimplantation development into normal-appearing blastocysts and hence differentiation into the first two cell lineages of the embryo, the epiblast and trophectoderm, without signs of abnormal proliferation. Therefore, the malignant phenotype of these tumor types can be suppressed by the oocyte environment and permit apparently normal early development. However, none of the blastocysts cloned from four different hematopoietic tumors (1095 nuclear transfers) and a breast cancer cell line (189 nuclear transfers) produced NT ES cell lines after explantation in culture. Only the genome from a doxycycline-inducible RAS melanoma model gave rise to two NT ES cell lines from a total of 590 nuclear transfer experiments ). These ES cells were able to differentiate into most, if not all, somatic cell lineages in teratomas and chimeras including fibroblasts, lymphocytes, and melanocytes. This occurred despite severe chromosomal changes documented by comparative genomic hybridization. These data suggest that the secondary chromosomal changes associated with malignancy do not necessarily interfere with preimplantation development, ES cell derivation, and a broad nuclear differentiation potential. However, chimeras produced from these embryonic stem cells developed cancer with higher 24 JAENISCH ET AL. penetrance, shorter latency, and an expanded tumor spectrum when compared with the donor mouse model. That is, all the chimeras developed melanomas shortly after induction of RAS. Interestingly, they also developed other malignant tumors including rhabdomyosarcomas and a malignant peripheral nerve sheath tumor. These later tumors had constitutively activated RAS and showed an identical comparative genomic hybridization profile as the melanomas suggesting shared genetic pathways among these very different tumor types. In contrast to the melanoma model, we found that whereas the transfer of nuclei from embryonal carcinoma cells resulted in morphologically normal blastocysts from which ES cell lines could be produced with high efficiency, the resulting ES cells had the same developmental and tumorigenic potential as the parental EC cell lines . Strikingly, the nuclei from the three EC cell lines used in the study (F9, P19, METT-1) conferred their distinctive developmental and tumorigenic potentials to the resulting NT ES cells. This suggested that genetic alterations within the embryonic carcinoma nuclei were responsible for limiting the developmental potential of the NT ES lines. Consistent with this, comparative genomic hybridization showed shared and unique genetic alterations between the different EC cell lines. These findings support the notion that cancer results from the deregulation of stem cells and further suggest that the genetics of embryonic carcinomas will reveal genes involved in stem cell self-renewal and pluripotency.
Together, our findings demonstrate the general use of NT as a functional assay for characterizing commonalities among different types of cancer. Similarly, the nuclear transfer approach should be useful for the analysis of complex genetic disorders, such as diabetes and heart disease, in order to characterize and manipulate the multiple alleles affected in these diseases. At present, no other method has the power of amplifying the genome of a single cell with complex genetic alterations into a population of pluripotent ES cells.
OUTLOOK: NUCLEAR REPROGRAMMING, CELLULAR PLASTICITY, AND THE PROSPECTIVE FOR CELL THERAPY
Immune rejection is a frequent complication of allogeneic organ transplantation due to immunological incompatibility. To treat the "host versus graft" disease, immunosuppressive drugs are routinely given to transplant recipients, a treatment that has serious side effects. ES cells derived by nuclear transplantation are genetically identical to the patient's cells, thus eliminating the risk of immune rejection and the requirement for immunosuppression (Hochedlinger and Jaenisch 2003) . Moreover, ES cells provide a renewable source of replacement tissue allowing for repeated therapy whenever needed. Indeed, we have recently demonstrated for the first time that NT could be combined with gene therapy to treat a genetic disorder (Fig. 6) (Rideout et al. 2002) .
A key issue of transplantation medicine is the availability of isogenic functional cells that are of sufficiently high quality and can be obtained in large quantities. Therapeutic cloning would, in principle, solve this problem. Indeed, the recent generation of human embryonic stem cells by nuclear transfer into human eggs has provided evidence that this approach is a technically feasible strategy for the treatment of human disease (Hwang et al. 2004 ). Yet, serious obstacles such as the availability of human eggs and ethical considerations impede the application of therapeutic cloning for the treatment of patients suffering from disorders such as Parkinson's or diabetes. As an alternative approach adult stem cells have been proposed because numerous studies have claimed that these cells can give rise to many or all cells of the adult by a process designated as "transdifferentiation." However, the process of transdifferentiation is remarkably inefficient; some of the experimental claims have been difficult to reproduce or have alternative explanations (Terada et al. 2002; Ying et al. 2002; Alvarez-Dolado et al. 2003; Wang et al. 2003) .
As depicted in Figure 7 , the nuclear transplantation from a differentiated donor cell into the egg can alter the epigenetic state of the donor nucleus so that it is able to direct development of a new animal. This is accomplished by the action of reprogramming factors that are present in the egg's cytoplasm and that induce the genome to assume an epigenetic conformation appropriate for an embryonic state. It will be a major goal of future work to use the nuclear transfer technology as an experimental tool for defining the nature of the egg's reprogramming factors and the mechanisms of their action. Indeed, a recent report has demonstrated that Oct4 is reactivated in mammalian somatic nuclei after having been transplanted into Xeno- Figure 6 . Scheme for therapeutic cloning combined with gene and cell therapy. A piece of tail from a mouse homozygous for the recombination activating gene 2 (Rag2) mutation was removed and cultured. After fibroblast-like cells grew out, they were used as donors for nuclear transfer by direct injection into enucleated MII oocytes using a piezoelectric-driven micromanipulator. Embryonic stem (ES) cells isolated from the NT-derived blastocysts were genetically repaired by homologous recombination. After repair, the ntES cells were differentiated in vitro into embryoid bodies (EBs), infected with the HoxB4iGFP retrovirus, expanded, and injected into the tail vein of irradiated, Rag2-deficient mice (see Rideout et al. 2002) .
pus oocytes (Byrne et al. 2003) . Thus, it may be possible to understand the molecular basis of epigenetic reprogramming and to establish rational strategies for altering the potential of somatic cells (compare Fig. 1 ). The hope would be that such an approach eventually would allow the reprogramming of a patient's cells into different embryonic stem cells that could be used for cell replacement therapy without the need for nuclear transplantation.
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